A series of Affymetrix mouse 430 expression set microarrays were obtained for each shRNAi knock-down time-series (hereafter referred to as experiment). For this analysis we considered microarray time-course data obtained at days 0, 2, 4, 6 for each experiment. Thus, we considered 7 microarray time-courses, each of length 4. Full MIAME compliant datasets are available at http://www.ncbi.nlm.nih.gov/projects/geo/query/acc.cgi?acc=GSE4679. Data was first normalized using MAS5.0 software and log 2 was taken. Only probe sets matching well annotated genes were considered for further analysis. Probe sets recognizing multiple transcripts were excluded from analysis, as were those which cross-hybridize to alternative nonrelated sequences. In the case that multiple probes matched the same gene, the average expression across all probe sets was taken at each time-point. In order to exclude false positive results due to low expression levels we also excluded probe sets which had below median (for the entire experiment) expression for all time-points. We also excluded from further analysis, those time-series which had no present calls as determined by MAS5.0 software. Finally, we selected for further analysis those genes which had at least a two-fold change in expression at some time point relative to the corresponding time-point in an empty vector control series. This gave a set of between 429 and 936 well-annotated genes per experiment for further investigation using GATE. In total we identified 469, 727, 766, 747, 936, 588 and 514 genes which significantly changed in expression subsequent to Dppa4, Esrrb, Nanog, Oct4 (Pou5f1), Sox2, Tbx3 and Tcl1 knockdown respectively, totaling 2589 unique, well-annotated, genes in total. This gene-set includes a variety of core ES cell associated genes such as Nanog, Pou5f1,
(also known as Rex1), Nr0b1 (also known as Dax1), Klf2, Klf4, Suz12 and Phc1.
Overlap Analysis and Clustering
Standard hierarchical clustering using Matlab's Bioinformatics Toolbox showed that these seven sets of genes are not disjoint but rather overlap nontrivially, indicating the coordinated activity of common regulatory modules. In particular, we found that the Oct4, Sox2 and Nanog knockdown gene-sets clustered, as did the Tcl1, Tbx3 and Esrrb knockdown gene-sets, suggesting combinatorial regulation of ES cell function by two distinct transcriptional modules. In accordance with the observation of Ivanova and coworkers we found that the intersection of the Dppa4 knockdown gene-set with the other 6 gene-sets was less substantial, indicating that Dppa4 may play a secondary role in ES self-renewal.
Creating Cluster Files with GATE
In order to further investigate molecular regulatory dynamics we used GATE to generate seven movies animating systems-level expression changes for each of the seven experiments. For this we first used the create option when starting GATE:
We then browsed and loaded each normalized time-series file stored in a text file as specified:
We then run the annealing algorithm for each file over night (screenshot show running the annealing for 1 minute):
We then saved the final result file as a clu file as it automatically loaded into GATE.
In all cases these movies created through this process clearly show concurrent waves of activation and inhibition passing simultaneously through the genome. In order to investigate further the molecular mechanisms responsible for the observed regulatory dynamics we also sought to identify potential regulatory mechanisms by conducting a series of gene set enrichment analyses against the observed dynamics.
Enrichment for Targets of ES Cells Associated Transcription Factors
In order to investigate the role that key ES cell specific transcription factors play during cell fate transitions we first compiled a specifically tailored database of direct targets of a set of ES cell associated transcription factors. To do so we manually integrated the data presented in 11 recent publications which collectively report high-throughput chromatin immunoprecipitation (ChIP) profiling of the targets of 20 transcription factors known to play a central role in ES cell self-renewal and fate determination (Oct4, Sox2, Nanog, Klf4, Rex1, Nac1, Rest, Klf2, Klf5, Dax1, Tcf3, Stat3, Zfp281, Suz12, Eed, Phc1, Rnf2, Trim28, Cnot3) . In total, this database contains approximately 50,000 putative transcription factor-gene regulatory interactions experimentally identified specifically in ES cells. Although this dataset inevitably contains false positive, it nevertheless provides a useful resource for hypothesis generation. We found that targets of all 20 transcription factors were significantly enriched in one or other of the seven time-courses at a p-value of <0.05, and 17 of the 20 factors (all except Cnot3, Stat3 and Rest) were significantly enriched at a Bonferroni corrected p-value of <0.05. The example screenshot below show such enrichment analysis for the Nanog up regulated genes after five days: Table 1 below summarizes these enrichment results. Taken together these results indicate that, in addition to the seven factors silenced in the study of Ivanova and coworkers, additional transcription factors play a significant role in determining ES cell fate. Enrichment for micro-RNA targets MicroRNAs (miRNAs) are known to play important roles in ES cell self-renewal and differentiation, both by interacting directly with the core ES cell transcriptional circuit (Marson, et al., 2008) , and by co-regulating the expression of down-stream lineage-specific genes (Gangaraju and Lin, 2009; Viswanathan, et al., 2008) . Therefore, we sought to further examine upstream miRNA regulation of gene expression during ES cell fate changes. To do so, we first collated interactions from the TargetScan database of mammalian miRNA interactions into a .GMT file. In total this .GMT file contains approximately 65,000 inferred gene targets of 149 miRNA families. Table 1 above shows those miRNA families with enriched targets in each of the seven experimental time-courses.
Enrichment for Protein Kinase Targets
While much is known about the transcriptional regulatory network of ES cells in mice, less is known about how cell signaling pathways converge upon the transcriptional network. In order to investigate signaling mechanisms we implemented kinase enrichment analysis (Lachmann and Ma'ayan, 2009) using GATE. In order to investigate the role that protein kinases play in stem cell fate determination we first created an experimentally determined database of kinasesubstrate interactions. We then identified kinases whose substrates were significantly enriched in the protein-sets encoded for by each of the seven significant gene-sets. For this analysis we make the assumption that mRNA expression correlates with functional protein expression. The results from the kinase enrichment analysis identified clear patterns of kinase substrates consistently significantly enriched for a common set of protein kinases (Table 1 ). In particular, the results confirm previously identified roles for Gsk3b and Mek1/Mapk1,2 in regulating ES cell differentiation (Ying, et al., 2008) . Substrates of Gsk3b are significantly enriched in five out of the seven gene-sets at a p-value of <0.05; and substrates of Mapk1,2 and Mek1 (encoded for by Mapk3 and Map2k1) are enriched in multiple gene-sets at a p-value of <0.05. We also found a number of kinases associated with specifically with down-regulation of gene expression in multiple time-series. In particular, we found that Acvr1/2, Gsk3b and Bcr were associated specifically with down-regulation in three or more time-series at a p-value of <0.05.
Visualization of Protein Interactions
In addition to allowing users to investigate enrichment against background datasets, GATE also allows users to highlight functional interactions between components interactions directly on the movie grid. When overlaid on the GATE movie, known interactions are highlighted in light blue. For example, the figure below shows a screenshot from GATE highlighting known targets of Nanog at the end of the Nanog knock-down time-series, demonstrating that many genes which are differentially expressed subsequent to Nanog knock-down are direct Nanog targets based on data collated from previous ChIP studies.
This feature provides users with the ability to directly visually assess the extent to which the targets of a given transcription factor (or miRNA, kinase or gene ontology term etc.) are enriched within the genes displayed on the grid. Additionally, this feature allows users to identify clusters of targets or identify local regions of particular interest.
GATE Reconstruction of Regulatory Networks
In order to investigate the role that protein-protein interactions play in stem cell fate dynamics we first created an integrated database of known mammalian protein-protein interactions (PPIs) from the literature. For each experimental time-series we used GATE to generate PPI networks by connecting two members of the gene-set if a PPI was present in our collated background database. For each of the seven time-series we constructed a PPI network consisting of all previously reported protein-protein interactions between the protein products of significantly differentially expressed genes. All of these networks are included in the GATE download. Additionally, since the Oct4, Sox2 and Nanog knock-down gene-sets overlapped significantly we also reconstructed a PPI network which contains all genes significantly differentially expressed in either of the Oct4, Sox2 or Nanog time-series. In total this network contains 302 unique nodes (proteins) and 656 edges (interactions). The largest connected component of this network is shown below in the inset. We identified the most highly connected nodes (hubs) in this network, and found a sub-network connecting these hub proteins. This sub-network contains functional connections between the most central proteins subsequent to Oct4, Sox2 or Nanog knock-down, and therefore may represent a functional PPI involved in regulating ES cell pluripotency. The core sub-network contains a cluster of extracellular components including several collagens and extracellular proteases. This cluster is connected through one arm to an Akt pathway via an integrin receptor, and through another arm to Mapk pathway components RasGAP and Rap1, which are also connected to a Rho related set of proteins, which are known to play a role in the cytoskeletal rearrangement necessary for differentiation. This sub-network details hypothetical connections and should correspondingly be viewed with caution. However, it is useful for hypothesis generation since it may begin to explain in more molecular detail the roles of the protein kinases Gsk3b and Erk1,2 in ES cell fate specification, since Gsk3b is a known to be directly inhibited by Akt phophorylation, whereas Erk1,2 is downstream of Ras and Rap1 signaling.
Since GATE allows interrogation of expression series against any background network, as long as it is in Cytoscape compatible .SIF format, other networks, such as gene regulatory networks or co-expression networks, may also be used. In order to ensure maximum compatibility with existing network analysis software, networks between elements of interest can be exported to Cytoscape by saving them as .SIF files in GATE.
Questions and Contact
For comments and questions about this case study feel free to e-mail us:
ben.macarthur, alexander.lachmann, ihor.lemischka or avi.maayan at mssm.edu
